We report the observation of an extreme magnetoresistance (XMR) in HoBi with a large magnetic moment from Ho f -electrons. Neutron scattering is used to determine the magnetic wave vectors across several metamagnetic (MM) transitions on the phase diagram of HoBi. Unlike other magnetic rare-earth monopnictides, the field dependence of resistivity in HoBi is non-monotonic and reveals clear signatures of every metamagnetic transition in the low-temperature and low-field regime, at T < 2 K and H < 2.3 T. The XMR appears at H > 2.3 T after all the metamagnetic transitions are complete and the system is spin-polarized by the external magnetic field. The existence of an onset field for XMR and the intimate connection between magnetism and transport in HoBi are unprecedented among the magnetic rare-earth monopnictides. Therefore, HoBi provides a unique opportunity to understand the electrical transport in magnetic XMR semimetals.
We report the observation of an extreme magnetoresistance (XMR) in HoBi with a large magnetic moment from Ho f -electrons. Neutron scattering is used to determine the magnetic wave vectors across several metamagnetic (MM) transitions on the phase diagram of HoBi. Unlike other magnetic rare-earth monopnictides, the field dependence of resistivity in HoBi is non-monotonic and reveals clear signatures of every metamagnetic transition in the low-temperature and low-field regime, at T < 2 K and H < 2.3 T. The XMR appears at H > 2.3 T after all the metamagnetic transitions are complete and the system is spin-polarized by the external magnetic field. The existence of an onset field for XMR and the intimate connection between magnetism and transport in HoBi are unprecedented among the magnetic rare-earth monopnictides. Therefore, HoBi provides a unique opportunity to understand the electrical transport in magnetic XMR semimetals. Non-magnetic rare-earth monopnictides with a chemical formula RX where R = Y or La and X = As, Sb, and Bi have attracted attention because they exhibit a non-saturating and extremely large magnetoresistance (XMR) [1] [2] [3] [4] [5] [6] [7] [8] [9] [10] [11] [12] [13] . A topological to trivial transition is reported in the LaX family, from LaBi to LaAs, with XMR being present on either side of the transition confirming that XMR originates from an electron-hole compensation instead of a topological band structure [6, 14] . Recently, XMR has been reported in a few magnetic rareearth monopnictides including CeSb [15] , NdSb [16, 17] , GdSb and GdBi [15, 18, 19] where f -electrons provide localized moments. In these magnetic semimetals, the itinerant d/p-electrons couple to the localized felectrons through the Ruderman-Kittel-Kasuya-Yosida (RKKY) interaction [20, 21] giving rise to antiferromagnetic (AFM) order, field induced metamagnetic (MM) transitions, and rich magnetic phase diagrams [22] [23] [24] [25] [26] [27] [28] . Despite complex magnetization curves M (H) with multiple MM transitions, the magnetic monopnictides exhibit plain quadratic resistivity curves ρ(H) and an XMR behavior that is indistinguishable from their non-magnetic analogues in the low-temperature regime (T < 2 K) [15, 17] . From LaSb/LaBi to CeSb, NdSb, and then GdSb/GdBi, the lanthanide becomes progressively more magnetic, but intriguingly no strong response of transport and XMR to magnetism has been observed so far.
In search of such connection between magnetism and transport properties in a magnetic XMR material, we decided to study HoBi where Ho 3+ ions provide the largest * fazel.tafti@bc.edu total angular momentum J = L + S among the R 3+ ions. Through a combination of magnetization, neutron scattering, and transport experiments, we unveil an intimate relation between the electronic transport and the magnetism of HoBi unlike any previously studied magnetic RX system. Using neutron diffraction, we reveal a new ( 1 /6, 1 /6, 1 /6) ordered state at intermediate fields which strongly affects the resistivity behavior. The XMR in HoBi no longer follows a plain quadratic curve and appears only after the magnetic field is strong enough to drive the system out of this ( 1 /6, 1 /6, 1 /6) phase and into a (0, 0, 0) spin polarized state.
Single crystals of HoBi were grown using a self-flux method as described in the Supplemental Material [29] . Resistivity and heat capacity were measured inside a Quantum Design PPMS Dynacool. DC magnetization was measured inside a Quantum Design MPMS3. Single crystal neutron diffraction was performed on the HB-1A triple-axis spectrometer at the High Flux Isotope Reactor (HFIR) at the Oak Ridge National Laboratory (ORNL). Density functional theory (DFT) calculations with full-potential linearized augmented planewave (LAPW) method were implemented in the WIEN2k code [30] using the Perdew-Burke-Ernzerhof (PBE) exchange-correlation potential [31] , spin-orbit coupling (SOC), and on-site Coulomb repulsion (Hubbard U ) in a PBE+SOC+U calculation [32] for the correlated 4f -electrons. High-field experiments were performed in a 35 T DC magnet at the MagLab in Tallahassee inside a 3 He fridge with a base temperature of 0. AFM order at T N = 5.7 K [35] . A sketch of the fcc crystal structure of HoBi with the type-II AFM order at H = 0 is presented in Fig. 1(a) . Local f -moments on Ho-atoms are parallel within each [111] plane and antiparallel between alternate planes. From the heat capacity measurements in Fig. 1(b) , we confirm the AFM phase transition with a peak at T N = 5.75 K. From the resistivity measurements in Fig. 1(c) , we reveal a characteristic XMR profile with a large increase of ρ(T ) at low temperatures and a resistivity plateau. The magnitude of XMR is of the order 10 4 % when the field is oriented along either [001] or [110] directions (Supplemental Fig. S1 , [29] ). In this letter, we first extend the magnetic phase diagram of HoBi to the H [110] direction, which has not been studied before. Then, we use neutron scattering to determine the magnetic ordering wave vector in each sector of the phase diagram. Finally, we use the resistivity measurements to show the remarkable connection between the electrical and the magnetic properties of HoBi.
Figure 1(d) shows the magnetization curves at several representative temperatures with H [110]. The steps in the magnetization curves in Fig. 1(d) correspond to fieldinduced metamagnetic (MM) transitions which appear as peaks in the dM/dH curves in Fig. 1(e) . There is only one peak in these data at 3.3 K < T < T N that marks the boundary of the type-II AFM order. This single peak splits into three peaks below 3.3 K corresponding to three MM transitions. A phase diagram is produced in Fig. 1(f) from the evolution of dM/dH peaks measured at 12 different temperatures between 1.85 and 6 K. As shown in the Supplemental Material [29] To determine the magnetic ordering vector of HoBi in each sector of its phase diagram ( Fig. 1(f) ), we turned to neutron scattering. We performed a broad survey of the neutron diffraction intensity for the momentum transfer Q that covers the [HHL] plane, perpendicular to the field direction H [1-10]. This is equivalent to H [110] used in the magnetization and transport experiments. Figures 2(a-d) show representative diffraction patterns along the [HHH] direction at T = 1.5 K and H = 0, 1.5, 2, and 3 T covering all the MM phase transitions. At each field, structural Bragg peaks appear at Q = G hkl with fcc-type Miller indices. Within each magnetic phase, the Bragg peaks appear at Q = G hkl ± k where k is the ordering wave vector. At H = 0, Fig. 2(a) shows magnetic Bragg peaks corresponding to k = ( 1 /2, 1 /2, 1 /2) which specifies the zero-field type-II AFM order below T N . At H = 1.5 T, after the first MM transition, new magnetic Bragg peaks appear corresponding to both first and higher order harmonics with k = ( 1 /6, 1 /6, 1 /6). At H = 2 T, after the second MM transition, the peak intensities associated with ( 1 /6, 1 /6, 1 /6) remain unchanged, the ( 1 /2, 1 /2, 1 /2) peak intensities decrease, and a set of (0, 0, 0) peaks emerge. The ordering vector k = (0, 0, 0) corresponds to a ferromagnetic (FM) alignment of the Ho spins. At H = 3 T, above the third MM transition, the k = ( 1 /6, 1 /6, 1 /6) peaks disappear and the k = (0, 0, 0) remains as the only ordering wave vector. It shows the appearance of the ( 1 /6, 1 /6, 1 /6) order at 1.3 < H < 2.3 T, the disappearance of the ( 1 /2, 1 /2, 1 /2) AFM order at H > 1.8 T, and the appearance of (0, 0, 0) FM order at H > 1.8 T. In Fig. 2(f) , a phase diagram of HoBi is constructed based on the magnetization and neutron scattering experiments. At T = 0, four distinct phases appear from low to high fields with the ordering wave vectors k = ( 1 /2, 1 /2, 1 /2) (AFM) at H < 1.3 T, k = ( 1 /2, 1 /2, 1 /2) and ( 1 /6, 1 /6, 1 /6) coexisting at 1.3 < H < 1.8 T, k = ( 1 /6, 1 /6, 1 /6) and (0, 0, 0) coexisting at 1.8 < H < 2.3 T, and k = (0, 0, 0) (FM) at H > 2.3 T. At finite temperatures, the ( 1 /6, 1 /6, 1 /6) order forms a dome-like boundary at T < 3.3 K. The dome is centered around a quantum critical point (QCP) where the AFM ( 1 /2, 1 /2, 1 /2) order ends at approximately H c = 1.8 T.
Having established the magnetic phase diagram, we now present the electrical transport data and study the XMR behavior in HoBi. HoBi shows a typical temperature profile of XMR in Fig. 1(c) and a large magnitude of MR (%) = 100 × (ρ(H) − ρ(0))/ρ(0) in Fig. 3(a) . What makes HoBi unique among the magnetic monopnictides is an intimate connection between the magnetism and transport that modifies the XMR behavior. Resistivity measurements in CeSb and NdSb at 2 K show XMR and plain quadratic ρ(H) curves unaffected by the MM transitions [15, 16] . On the contrary, at 2 K, HoBi exhibits clear features corresponding to each MM transition in the ρ(H) curves.Furthermore, HoBi has an onset field for XMR at H = 2.3 T instead of a plain quadratic curve commonly observed in XMR semimetals. Figure 3(a) shows two distinct regions in the field dependence of the magnetoresistance MR(H). The blue region at H < 2.3 T is the realm of AFM order and MM transitions. XMR is absent in this region and does not start until H > 2.3 T in the yellow region. Figure 3 (b) compares a representative ρ(H) curve at 1.85 K, a dM/dH curve at 1.8 K, and the intensity of the ( 1 /6, 1 /6, 1 /6) neutron diffraction peak at 1.5 K. With increasing field from zero, ρ(H) shows peaks at the first and second MM transitions, and a steep increase at the third one (see arrows in Fig. 3(b) ). These features evolve with temperature as shown in the inset of Fig. 3(c) . Similar features appear in the ρ(H) data at 3.3 < T < T N corresponding to the AFM transitions (Supplemental Fig. S3 , [29] ). The black circles on the phase diagram in Fig. 3(d) correspond to the AFM and MM transitions derived from the ρ(H) curves. Remarkably, even without measuring magnetization, one can accurately map the magnetic phase diagram of HoBi using the resistivity data alone.
The XMR starts at H > 2.3 T in the yellow region of Fig. 3(c) . Such an onset behavior is a unique feature of HoBi and is absent in other rare-earth monopnictides. At T = 1.85 K, a steep increase of MR is observed immediately above the onset field 2.3 T followed by a less steep power law behavior at higher fields. The difference between these two behaviors is better resolved in dρ/dH curves in Supplemental Fig. S4 [29] . The initial steep MR starts after the ( 1 /6, 1 /6, 1 /6) ordering wave vector has disappeared and while the Ho-spins are gradually polarizing with the field to adopt a FM (0, 0, 0) state. This is in agreement with the magnetization curve at 1.85 K in Fig. 1(d) that does not fully saturate until about 3.5 T. Similarly, the FM (0, 0, 0) neutron peak intensity keeps increasing with the field until 3.5 T (Supplemental Fig. S4 [29] ). Therefore, the disappearance of MM transitions and the gradual polarization of the Hospins with field are responsible for the onset of XMR.
Prior studies of non-magnetic monopnictides including LaAs, LaSb, and LaBi have shown a characteristic compensated band structure for XMR with hole pockets at Γ and electron pockets at X in the fcc Brillouin zone [6, 12] . We used a combination of DFT calculations and Shubnikov-de Haas (SdH) oscillations to search for such Fermi surfaces in HoBi. Figure 4(a) shows the calculated band strucutre of HoBi in the XMR (FM) region, which resembles that of non-magnetic XMR materials mentioned above. There are four hole bands at Γ and two electron bands at X. In particular, notice the small- est hole-pocket that barely touches the Fermi level at Γ. The size of this pocket is extremely sensitive to the choice of U and a stringent test of the calculation (Supplemental Fig. S5 [29] ). We use the SKEAF program [36] to calculate the extremal orbit area and the effective mass of carriers on each calculated Fermi surface. The results are then compared to the frequencies of SdH oscillations in Fig. 4(b) . Fourier transform of the oscillations is shown in the inset with a low-frequency peak at 280 T corresponding to the smallest hole-pocket in Fig. 4(a) with a calculated frequency of 243 T. Furthermore, we measured the mass of carriers on each pocket using a standard Lifshitz-Kosevich analysis [37, 38] as elaborated in the Supplemental Material [29] . Table I shows a good agreement between the frequencies and effective masses from DFT calculations and SdH oscillations. Our analysis of Fermi surfaces confirms that the non-saturating XMR in HoBi originates from a compensated band structure with hole pockets at Γ and electron pockets at X, similar to the non-magnetic analogue LaBi [6, 10, 12] .
To summarize, HoBi is the only magnetic rare-earth monopnictide with XMR where the transport behavior, especially XMR, is strongly affected by changes in the magnetic wave vector. Metamagnetic transitions are resolved in the ρ(H) data clearly so the magnetic phase diagram of HoBi can be accurately mapped from the transport data. The ( 1 /6, 1 /6, 1 /6) dome is intriguing; it affects the XMR behavior drastically and drives its field dependence away from a plain quadratic curve. It is likely that the ( 1 /6, 1 /6, 1 /6) order is produced by a reconstruction of the Fermi surface at the QCP as a result of special nesting conditions. It would be interesting to confirm this idea and to search for its consequences such as charge ordering in HoBi. 
